Mitochondria fulfill a number of biological functions which inherently depend on ATP and O 2 À
Basic principles in oxidative metabolism and aerobic respiration
Di-oxygen (O 2 ) initially appeared in significant amounts on Earth around 2.2 billion years ago due to the action of photosynthesizing cyanobacteria [1] . At first, most of the O 2 reacted with solubilized iron (Fe) forming insoluble oxide minerals [1] . After this initial event O 2 started to build up in substantial amounts in the surrounding environment and atmosphere. The sharp increase in O 2 concentration in the atmosphere and formation of various mineral oxides is referred to as the Great Oxygenation Event (GOE) [2] . It is also referred to as the Great Oxygen Catastrophe since the rise in O 2 led to the first mass extinction on Earth. Indeed, O 2 is highly toxic towards anaerobic organisms. The damaging effects of O 2 is associated with its free radical properties which deplete essential thiols and dismantle Fe-S clusters required for metabolism and the biosynthesis of macromolecular structures in anaerobic organisms [3] . The definition of "free radical" refers to "any species capable of independent existence that contains one or more unpaired electrons", where an unpaired electron occupies an atomic orbital by itself [1] . Considering that ground state O 2 has two unpaired electrons in its outer most anti-bonding orbital it can thus be classified as a free radical species [4] . The two lone electrons in the outer most orbital of O 2 also have the same spin quantum number which imposes a spin restriction on electron acceptance [5] . Thus, O 2 can only accept one electron at a time when it is being reduced to H 2 O which can generate several free radical intermediates namely, superoxide (O 2 À ), hydrogen peroxide (H 2 O 2 ), and hydroxyl radical (OH ) [6] . This also makes O 2 dangerous since its univalent reduction leads to the genesis of highly reactive intermediates (Fig. 1) .
Adaptation to an oxidizing environment provided a major selective advantage for organisms that could couple enzyme activities to O 2 utilization [3, 7] . In aerobic cells, O 2 is utilized by many enzyme systems but is primarily the driving force behind aerobic ATP production. The use of O 2 in nutrient metabolism maximized energy conservation among aerobic eukaryotes prompting an increase in biological complexity culminating the evolution of humanity [8, 9] . In aerobic eukaryotes, production of ATP by oxidative phosphorylation occurs in mitochondria, double membrane organelles with prokaryotic origins that house the necessary enzymatic machinery required for O 2 -dependent production of ATP from carbon oxidation [10, 11] . In this complicated process nutrients in the form of carbohydrates, fatty acids, or amino acids are converted into common intermediates such as acetyl-CoA, oxaloacetate, and 2-oxoglutarate which enter the Krebs cycle and undergo further oxidation (Fig. 2) [6, 12] . Acetyl-CoA and oxaloacetate, which are generated by the metabolism of either monosaccharides or fatty acids, are condensed by citrate synthase yielding citric acid which is then systematically oxidized by the concerted action of 7 other Krebs cycle enzymes (Fig. 2) . Amino acids can also feed in to the Krebs cycle at various levels. Although there are 20 different amino acids that can be degraded to form either ketogenic or gluconeogenic Krebs cycle intermediates, the most common intermediate formed is 2-oxoglutarate. Indeed, 2-oxoglutarate either serves as an ammonia acceptor forming glutamate during amino acid catabolism or is formed following degradation of glutamate or use of glutamate for amino acid biosynthesis. Fatty acids which are the product of triglyceride hydrolysis also feed into the Krebs cycle at the level of acetyl-CoA. The complex process of extracting electrons from fat molecules for ATP production is called β-oxidation. Entry of fatty acyl-CoA into the matrix is prohibited unless the fatty acid is coupled via an ester linkage to carnitine which facilitates mitochondrial uptake of acyl molecules, a reaction catalyzed by carnitine palmitoyl transferase 1 (Cpt1). Upon entry into the matrix, carnitine is immediately exchanged with CoASH by Cpt2 and acyl-CoA enters into β-oxidation. Note that 1 FADH 2 and 1 NADH along with an acetyl-CoA are yielded from the oxidation of two carbons on the fatty acyl chain (Fig. 2) . Acetyl-CoA then enters the Krebs cycle where it is oxidized further. Thus, in contrast to glucose, fatty acid oxidation yields far more ATP, e.g. palmitate which is 16 carbons long produces 129 ATP vs the 36 garnered from glucose metabolism. It is not surprising then that the human heart, which turns over 30 kg of ATP daily due to contraction relaxation coupling, produces most of its ATP by fatty acid oxidation [13] .
Removal of electrons during oxidation is coupled to the reduction of NAD forming NADH which is then oxidized by Complex I. Succinate is also oxidized by Krebs cycle enzyme Complex II (succinate dehydrogenase; Sdh) producing fumarate and reducing FAD to FADH 2 [14] . Electrons from Complex I and II are then passed through a series or prosthetic groups positioned according to increasing affinity for electrons to ubiquinone (Q) producing ubiquinol (QH 2 ) which is then oxidized by Complex III (Fig. 3) [15] . Electrons can also be fed into the Q pool by several other enzymes associated with the mitochondrial inner membrane (MIM) including sn-glycerol-3-phosphate dehydrogenase (G3PDH), proline dehydrogenase, dihydroorotate dehydrogenase, sulfide:quinone oxidoreductase (SQR), electron transfer flavoprotein oxidoreductase (ETFQO) [16] [17] [18] [19] [20] [21] . The electrons are then passed to Complex IV and utilized to reduce O 2 forming H 2 O. Importantly electron transfer from NADH (E°′ ¼ À340 mV) or FADH 2 (E°′¼ þ 31 mV) through the Q pool (E°′¼ þ45 mV) to O 2 (E°′ ¼ þ840 mV) is an energetically favorable process and is thus coupled to the pumping of protons across the mitochondrial inner membrane (MIM) into the intermembrane space (IMS) (Fig. 3 ). This creates a transmembrane electrochemical gradient of protons (Δμ m ) which is composed of both an electrical (ΔΨ m ) and chemical (ΔpH) potential. Notably ΔΨ m accounts for $ 90% of the energy associated with the transmembrane electrochemical gradient of protons. The Gibbs free energy stored across the MIM in the form of Δμ m is then used to drive ATP synthesis by Complex V (Fig. 3 ) [22] . Complex V is a multisubunit transmembrane protein complex that couples the energy liberated from electron transport to the terminal electron acceptor O 2 to the conversion of ADP and P i into ATP, a process referred to as oxidative phosphorylation. Basically Complex V is composed of two portions, the F 0 portion which is buried in the MIM and the F 1 part which makes contact with the matrix [23] . F 0 is composed of subunits A, B, and C and subunits alpha (α), beta (β), gamma (γ), delta (δ), and epsilon (ε) comprise F 1 . The process of oxidative phosphorylation involves the diffusion of protons from the IMS into the matrix, which is facilitated by the F 0 portion of Complex V. As protons are translocated through F 0 the stalk rotates inducing alternating conformational changes in α and β subunits of F 1 resulting in the binding of ADP and P i and the release of ATP [23, 24] . ATP is then translocated into the cytosolic environment in exchange for ADP, which is catalyzed by ATP:ADP antiporter complex, to do work in the cell (Fig. 3) . It is important to realize that ATP is a major driving force for all life on Earth which is the reason it is often referred to as the universal energy currency. Indeed, even in mammalian cells, mitochondria are strategically positioned to ensure that energy demands for even the most energy intensive processes like heart contraction and relaxation can be met. It is well documented that mitochondria can serve as important sites for ROS production [4, [25] [26] [27] . However, ROS is a broad term that includes all oxyradicals such as singlet and doublet oxyradicals and nonradicals like H 2 O 2 [28] . Different ROS vary tremendously in reactivity, half-life, abundance, and production. In addition, some ROS actually serve as important signaling molecules rather than by-products that indiscriminately damage cell constituents. Thus, using the term "mitochondrial ROS" is inappropriate considering it fails to define which oxyradical species is being produced. O 2 À is the proximal ROS generated by mi- (Fig. 4) [12, 32, 33] . In addition, the contributions of Complex I and III to production of O 2 À /H 2 O 2 has been heavily investigated and discussed in several reviews [4, 32, [34] [35] [36] Chemiosmotic coupling and mitochondrial production of ATP fundamentally relies on the transfer of electrons between different redox carriers embedded in proteins. Electron transfer reactions in mitochondria are often viewed as a simple movement of electrons through a defined pathway from a donor to acceptor molecule [45] . However, electron movement in mitochondria is far more complicated considering that different redox centers in mitochondrial enzymes, especially the respiratory complexes, are separated by polypeptide chains with most carriers buried deep in proteins within the lipid bilayer of the MIM [45] . Thus, electron transfer cannot be as simple as the donation and acceptance of an electron(s) between two different ions in aqueous solution [45] . Rather, electron movement between prosthetic groups proceeds via electron tunneling [45] . Essentially, electron tunneling predicts the probability of whether or not an electron will move from a donor to an acceptor molecule. Tunneling between donor and acceptor molecules is heavily influenced by distance between the centers, difference in redox potential, and response of electron carriers to changes in charge on donor or acceptor molecules [45] . In the respiratory chain efficiency of electron transfer between carriers varies considerably according to distance between donor and acceptor molecules. Electron transfer occurs at a maximum distance of 14 Å which provides a relative electron transfer rate of $ 10 4 s À 1 [45] . As the distance between centers decreases there is an exponential increase in the rate of electron transfer [4] . Likewise, if redox centers are separated by more than 14 Å electron transfer most likely does not occur since rate of transfer is too slow [4] . Discussing the principles of electron transfer reactions in . Anti-oxidant defense systems in mitochondria: Mitochondria can be a major source of reactive oxygen species (ROS) and production which depends on the metabolic state and redox poise of mitochondria. Metabolic state refers to the efficiency of electron transfer from nutrients to O 2 whereas redox poise is associated with the antioxidant capacity, maintenance of a reductive environment by reduced glutathione (GSH; normally in the mitochondrial matrix, the glutathione pool is highly reduced with the ratio of 2GSH to GSSG (2GSH/GSSG) $ 100 giving E°′¼ À320 mV) and the redox state of anti-oxidant enzymes Prx and Trx. The proximal ROS O 2 À is dismutated rapidly by MnSOD or Cu/ZnSOD in the matrix or intermembrane space, respectively, to H 2 O 2 which is then used for signaling via oxidation of protein cysteine thiols (see Fig. 8 for thiol based reactions with oxidants and reductants). Note that H 2 O 2 can also diffuse passively from one side of the mitochondrial membrane to the next with the aid of aquaporins (AQP). H 2 O 2 levels are continuously monitored by endogenous anti-oxidant systems. The far most efficient systems utilized to quench H 2 O 2 are 1. Glutathione peroxidase (GPx)/glutathione reductase (GR) and 2. Peroxiredoxin (Prx)/thioredoxin (Trx)/Thioredoxin Reductase (TR) system. Mitochondria contain two GPx and two Prx isozymes; GPx1 and GPx4; Prx3 and Prx5. Although all four enzymes quench H 2 O 2 , GPx1 and Prx3 have a higher affinity for H2O2 while GPx4 and Prx5 metabolize lipid hydroperoxides more efficiently [12] . Systems 1 and 2 are supported by system 3 which produces NADPH, the reductive power required to rejuvenate anti-oxidant systems after a round of H 2 O 2 sequestration. Note that NADPH is either generated from the metabolism of isocitrate, malate, or glucose-6-phosphate by isocitrate dehydrogenase (Idh), malic enzyme (ME), or glucose-6-phosphate dehydrogenase (G6pd) or via conversion of NADH into NADPH by energy liberating transhydrogenase (Elth).
enhanced in a polypeptide environment [56] . For example the neutral flavin radical of glucose oxidase produces O 2 À at a rate of (1) Citrate synthase, (2) aconitase, (3) NAD(P) þ -isocitrate dehydrogenase, (4) 2-oxoglutarate dehydrogenase, (5) succinyl-CoA synthase, (6) fumarase, (7) malate dehydrogenase, (8) pyruvate dehydrogenase, (9) pyruvate carboxylase, (10) branched chain keto acid dehydrogenase. CoASH serve as activators of Pdh activity. Thus, Pdh efficiency is reliant on the oxidation of NADH by complex I, condensation of acetyl-CoA with oxaloacetate, and turnover of ATP in the cell. Note that these allosteric modulators also control pyruvate dehydrogenase kinase (Pdk) and pyruvate dehydrogenase phosphatase (Pdp) which phosphorylate and dephosphorylate, respectively, the E 1 subunit to modulate Pdh activity. Phosphorylation inhibits Pdh activity whereas dephosphorylation has the opposite effect. In addition, hormonal signaling cascades like insulin signaling also play a part in modulating Pdh activity in response to whole body changes in nutrition and energy state. Odh is also modulated by allosteric regulators, calcium, and phosphorylation in a similar manner.
NADH, NAD, and ATP converge upon these two enzymes to modulate their activity (Fig. 6 ). Allosteric regulation is required for rapid modulation of 2-oxoglutarate and pyruvate oxidation in response to changing energy demands and alterations in metabolic flux [57, 58] . Odh and Pdh are also modulated by mitochondrial calcium uptake during cardiac and skeletal muscle contraction and relaxation ( Fig. 6 ) [59] . In addition, both enzymes are also subjected to a range of covalent modifications, including phosphorylation, which is required to modulate Krebs cycle flux and the entry and exit of nutrients and metabolites from the cycle. Both Odh and Pdh are also important redox sensors and are modulated by changes in mitochondrial H 2 O 2 . Indeed, Odh and Pdh harbor a dihydrolipoamide moiety located in the E 2 subunit which plays a critical role in the genesis of succinyl-CoA and acetyl-CoA and NADH [60, 61] . The vicinal thiols (SH) on dihydrolipoamide are highly amenable towards oxidation by H 2 O 2 forming highly reactive sulfenic acid (SOH) residues [62, 63] . In fact, the vicinal thiols on dihydrolipoamide react quickly with low micromolar ( $ 5 mM) amounts of H 2 O 2 [64] . Odh and Pdh contain three subunits E 1 , E 2 , and E 3 which transfer electrons from the substrate through dihydrolipamide in the E 2 subunit reducing FAD to FADH 2 in E 3 which then produces NADH [61, 65] . Considering that Odh and Pdh are (1) (Fig 8) . Oxidative stress often leads to the deactivation of Odh and Pdh which has been associated with cardiomyopathy, ischemia-reperfusion injury in cardiac and brain tissue, obesity, heavy metal toxicity, and cardiovascular disease [70] . It has also been predicted that SOH groups have a pKa $ 6 and thus ionize readily to form a highly nucleophilic sulfenate anion (SO À ) [71, 72] . /H 2 O 2 SOH must be protected to prevent further oxidation. One mechanism that has been documented to protect dihydrolipoamide residues in Odh and possibly Pdh from further oxidation is S-glutathionylation (Fig. 7) . S-glutathionylation is a redox sensitive covalent modification that involves formation of a disulfide bond between an available glutathione moiety and a protein cysteine thiol (Fig. 8) [6] . This results in the formation of a protein glutathione mixed disulfide (PSSG). Notably the modification is reversible and proceeds enzymatically with glutathione S-transferases (GST) catalyzing the forward reaction and glutaredoxins (Grx), a class of thiol oxidoreductases that part of the thioredoxin superfamily, catalyzing both S-glutathionylation and deglutathionylation (Fig. 8) [76, 77] . In regard to protecting Odh, SOH formation results in immediate S-glutathionylation, possibly catalyzed by mitochondrial GST isoforms or mitochondrial glutaredoxin (Grx2), which effectively protects dihydrolipoamide in Odh from further oxidation [64, 78] . The glutathionyl moiety is then removed by Grx2 which restores the activity of Odh [64, 78] . It is important to note that it has not been shown whether or not mitochondrial Grx isoform, Grx2, is able to deglutathionylate Odh however; considering that purified Grx1 can catalyze this reaction in vitro and that Grx1 can supplement for Grx2 for deglutathionylation reactions it stands to reason that Grx2 likely deglutathionylates Odh. Thus, reversible S-glutathionylation plays a critical role in Odh redox sensing (Figs. 7 and 8 ).
According to Quinlan et al., Pdh produces two times less O 2 À /H 2 O 2 than Odh but is still a significant source nonetheless [39] . Intriguingly it still remains to be determined if Pdh can be protected from further oxidation by S-glutathionylation. It has been suggested however in a recent report that glutathione directly binds to Pdh forming disulfide bonds with dihydrolipoamide [40] . It is important to point out here that S-glutathionylation proceeds enzymatically given the poor reactivity of reduced glutathione towards other thiols [79] . In addition, Grx2 has been shown to catalyze S-glutathionylation reactions at rates that are 250-fold faster nonenzymatic reactions [76, 80] . Also, with the recent identification of S-glutathionylation motifs it is more probable that reversible S-glutathionylation of Pdh is enzymatically catalyzed, most likely by GST or Grx2 [81] . Considering that Pdh is deactivated by H 2 O 2 it stands to reason that it is also subjected to reversible S-glutathionylation which most likely maintains its redox sensing properties. Bckdh, is predicted to produce four times less O 2 À /H 2 O 2 than Odh [39] . Although Bckdh has not been shown to be modulated by redox signaling cascades like S-glutathionylation, the enzyme upstream to Bckdh that commits branched chain amino acids to degradation, branched chain aminotransferase, can be modulated by S-glutathionylation [82] . Notably, though Bckdh activity also relies on dihydrolipoate and thus may be modulated in a fashion similar to Odh and perhaps Pdh. QH 2 /Q isopotential group Q sits at a major electron transfer junction for aerobic respiration accepting electrons from Complex I and II following NADH and succinate oxidation [83] . As shown in Fig. 5 , other metabolic enzymes such as ETFQO, SQR, sn-G3PDH, Dhodh, and Prodh also couple oxidation of acyl-CoA, H 2 S, glycerol-3-phosphate, dihydroorotate, and proline to reduction of Q to QH 2 . It is assumed that not all these enzymes simultaneously supply electrons to Q electron carriers in mitochondria. In addition, some of these enzymes display tissue and species specific expression. It has been documented for some time that some of these enzymes produce O 2 À /H 2 O 2 [20, 44, 84, 85] . However, several recent studies have established that most of the O 2 À /H 2 O 2 generated by these enzymes is indirect and produced mostly from Complex I, II, III, and in some cases Odh [16, 17, 44] . For example, sn-G3PDH is found in brain, skeletal muscle, and heart tissue but is most heavily expressed brown adipose tissue [43] . Studies have now shown that Although there are a number of redox modifications that are known to modulate cellular protein functions [6] , S-glutathionylation and the formation of protein glutathione mixed disulfides is highly specific, sensitive to redox fluctuations and mediated enzymatically and thus the most relevant redox modification. The reactivity of a thiol towards glutathione depends on its ability to ionize and form a reactive thiolate anion. Ionization is heavily influenced by the chemistry of the surrounding protein environment. In the presence of sufficient quantities of H 2 O 2 , the thiolate anion nucleophilically attacks H 2 O 2 yielding an oxidized sulfur residue (SO À ; sulfenic acid). If H 2 O 2 is in high enough amounts, the sulfenic acid can be further oxidized to sulfinic (SO 2 H) and sulfonic acid (SO 3 H). Note that sulfinic acid can be reduced back to a thiolate by the action of sulfiredoxin (Srx) which requires ATP. Sulfonic acids, however, are an irreversible type of oxidation associated with oxidative stress. Proteins can either be S-glutathionylated at the level of the thiolate or sulfenic acid. In terms of the former, S-glutathionylation is driven by glutaredoxin-2 in mitochondria (Grx2) or glutaredoxin-1 (Grx1) in the cytosol and intermembrane space. S-glutathionylation can be quickly reversed by Grx. Importantly, protein S-glutathionylation is highly sensitive to fluctuations in reduced and oxidized glutathione levels and the circumstances by which a protein is S-glutathionylated varies according to the type of protein and the environment surrounding the protein cysteine thiol (reviewed in [6, 12, 23] ). In terms of the latter, S-glutathionylation of sulfenic acids is required to protect cysteine thiols from further oxidation when H 2 O 2 is at higher concentrations.
sn-G3PDH can generate high amounts of O 2 À /H 2 O 2 [20, 86] .
However, a recent report has provided evidence sn-G3PDH is indirectly responsible for O 2 À /H 2 O 2 with a vast majority being generated in brain, heart, and skeletal muscle by reverse electron flow (RET) to FAD in Complex II [43] [32] . In addition, it has now been established that both proteins are controlled by reversible S-glutathionylation where H 2 O 2 is required to deglutathionylate and activate both proteins by an as of yet unidentified enzyme [96] [97] [98] . Subsequent reglutathionylation of UCP2 and UCP3 deactivates proton leaks. Recent work has also identified UCP3 as a target for the thiol oxidoreductase activity of Grx2 which catalyzes the protein S-glutathionylation of UCP3 [96] . Thus, proton leaks are sensitive to redox signaling which is required to control mitochondrial O 2 À /H 2 O 2 production. The control of leaks through UCP2 and UCP3 by reversible S-glutathionylation also has important physiological implications. UCP2 is more ubiquitously expressed while UCP3 is found almost exclusively in skeletal muscle (Fig. 9) . Reversible S-glutathionylation of UCP2 has been found to play on important role in modulating glucose stimulated insulin release from pancreatic β cells [97] . Control of leaks through UCP3 on the other hand is required to maintain efficient glucose and fatty acid oxidation in skeletal muscle which is most likely important for maintaining insulin sensitivity and contractility [99, 100] . Adenine nucleotide translocator (ANT), which catalyzes the anti-port of ADP and ATP across the MIM also catalyzes inducible proton leaks in various tissues including brain, heart, skeletal muscle and liver. Intriguingly it is also a major site for redox-mediated regulation particularly by S-glutathionylation [101] . Although it has not been investigated, it would be important to ascertain if S-glutathionylation reactions also modulate leaks through ANT. It is also critical to point out that leaks through ANT are also activated by covalent modification by nitrolipids and 4-HNE [102, 103] However, in the same study, it was shown that reverse electron flow through the quinone pool has the opposite effect -Complex I serves as one of the major sites [39] . following reperfusion leading to development of heart disease and formation of myocardial infarcts [42] . Intriguingly, dimethyl malonate, a membrane permeable Complex II inhibitor, decreased myocardial infarct size [42] . Thus, RET from succinate to Complex I may not be a physiologically relevant source of O 2 À /H 2 O 2 but would appear to be a major source during ischemia-reperfusion injury and heart disease. Acyl-CoA is another intriguing source O 2 À /H 2 O 2 produced by RET since fatty acids serve as a major energy source for several tissues including exercised skeletal muscle, liver, and the myocardium. In particular, $ 70-90% of the ATP generated by mitochondria in cardiomyocytes is provided by fatty acid oxidation [110] . At rest the human heart turns over $ 30 kg of ATP per day and $ 90% of that ATP is provided by mitochondria meaning that $ 18.9-24.3 kg of this ATP is produced by fatty acid oxidation [111] . Studies [114] . However, following ischemia-reperfusion injury to the myocardium Complex II adopts a deglutathionylated state and produces higher amounts of O 2 À /H 2 O 2 . This also leads to the accumulation of succinate (as high as 1 mM) which can interact with orphan G-protein coupled receptor 91, SUCNR1, leading to further development of cardiovascular disease, disruption of myocardial function, and inflammation [115] . It is clear that RET can produce O 2 À /H 2 O 2 following oxidation of different substrates and that several respiratory complexes can partake in its production which has strong implications for O 2 À /H 2 O 2 production in health and disease.
Accurate quantification of O 2 À production by mitochondria is of importance considering it is the proximal ROS generated by mitochondria and over production is associated with various pathologies [116] . O 2 À production in mitochondria is always fa- ) [12] . This presents a significant hurdle in quantification of O 2 À levels in mitochondria since O 2 À does not last very long in solution and concentrations are extremely low. It is also ideal to attempt to quantify O 2 À production in intact cell systems or potentially in vivo considering it provides a biological context for mitochondrial O 2 À production in health and disease.
The most popular chemical probe utilized to measure O 2 À in live cells is MitoSOX which consists of a hydroethidine molecule (HE) covalently bound to triphenylphosphonium ion (TPP þ ) (Fig. 10) [118]. HE is an O 2 À sensitive probe that fluoresces following a reaction with O 2 À . TPP þ is a lipophilic cation that promotes uptake of HE by mitochondria which is based on the charge difference between the matrix and intermembrane space (Fig. 10 ) [119] . A number of studies have utilized MitoSOX to measure mitochondrial O 2 À production using plate methods including kinetic reads or end-point measures, flow cytometry, HPLC analysis of MitoSOX oxidation, and live cell imaging [120] . However, there are a number of considerable drawbacks associated with the use of MitoSOX. The first is the fact that HE can form non-fluorescent dimers as a result of oxidation [120] . To properly quantify both the red fluorescent product and the non-fluorescent dimer HPLC techniques can be utilized however; it requires cell disruption thus rendering any live cell imaging impossible. This impediment can be overcome by measuring HE fluorescence at excitation wavelength 396 nm which specifically excites HE that has reacted with O 2 À but has not intercalated with DNA [121] . Second, the calculated rate of oxidation of MitoSOX by O 2 À is 3.9 Â 10 6 M À 1 s À 1 which, although rapid, is several orders of magnitude slower than SOD [121] . This would mean that (1) mitochondria would need to generate a considerable amount of O 2 À to afford proper fluorescence detection and (2) enough MitoSOX would need to be utilized to compete with SOD. Considering the high concentration ( $ 10 mM) and rapid kinetics of MnSOD this presents a significant challenge in accurate quantification of O 2 À production by mi- recently developed a sensitive method for measuring real-time production of O 2 À by mitochondria which utilizes a cytochrome C functionalized amperometric sensor [123] . The same group recently showed that this technique can also be utilized to accurately measure O 2 À production in intact cell systems and even successfully employed this technique to illustrate that mitochondrial O 2 À produced from Complex II plays an important role in melanogenesis and cellular pigmentation [124] . Another promising chemical method for measuring O 2 À is the probe 4,5-dimethoxy-2-nitro-benzenesulfonyl tetrafluorofluorescein (BESSo) which following a nucleophilic substitution reaction with O 2 À yields a highly fluorescent tetrafluorofluorescein product [125] . The lack of an in vivo context with intact cell systems and MitoSOX prompted investigations into cyclic permuted yellow fluorescent protein (cpYFP). Unlike MitoSOX this probe can be expressed stably within either cell systems or in vivo [126] . Further, cpYFP can be selectively targeted to mitochondria by mitochondrial localization sequences. Initially this protein based probe showed a lot of promise and appeared to selectively detect fluctuations in mitochondrial O 2 À production in heart tissue from transgenic mice expressing cpYFP or in live cells transiently expressing the probe (Fig. 11 ) [126, 127] . In addition, the observations by the same group and others were extended pointing to a role for stochastic O 2 À flashes in mitochondria in the opening of the mitochondrial permeability transition pore and modulation of other physiological processes [128, 129] . However, detection of spatiotemporal changes in O 2 À production would mean that cpYFP would have to be highly selective and would have to react with kinetics that are at very least similar to SOD. Thus, given its charged nature, O 2 À cannot gain access to the two [121] and [120] ). MitoSOX is composed of hydroethidine which reacts with O 2 À and triphenylphosphonium (R-group) which prompts accumulation in mitochondria (1). The structure is univalently reduced by one electron generate a chemical structure that resonates between a hydroethidine radical with the lone electron delocalized to throughout the ring (2a) and an amide radical (2b). Electron delocalization between the ring and amide aids in stabilizing this reactive intermediate. This is followed by an interaction with O 2 À which results in the production of a perhydroxyl intermediate (3) which is then dehydrated to yield a carbonyl derivative (4) that is then protonated to generate 2-hydroxy-ethidine or 2-hydroxy-MitoSOX (5).
Cys residues [132] . In addition, unlike other ROS detecting molecules, the mechanism by which cpYFP changes its fluorescence in response to O 2 À has not been adequately delineated. (Fig. 11) . Indeed, changes in cpYFP fluorescence correlate strongly with changes in ΔΨ m [133] . It was also found that cpYFP responds poorly to xanthine/ xanthine oxidase, an enzyme system that generates high amounts of O 2 À [132] . Further, SyPHer probe, which detects pH fluctuations, is also a cpYFP [130] (Fig. 11) . It is very important to note that ΔΨ m changes rapidly in response to various cellular stimuli, ATP demand, nutrient supply, electron transfer efficiency, and inducible proton leaks which will inevitably alter the overall pH of the matrix environment. Thus, cpYFP is more likely to be an appropriate probe utilized for measurement of pH changes in mitochondria rather than O 2 [140, 145] . It should also be noted that recent reports have shown that HyPer is also sensitive to changes in pH which is likely due to the cpYFP [146] . By contrast, roGFP2-Orp1 and Grx1-roGFP2 have both been utilized for the successful measurement of spatiotemporal changes in minute amounts of H 2 O 2 in fruit flies (Fig. 13) [141]. roGFP2-Orp1 detects H 2 O 2 directly whereas Grx1-roGFP2 provides an indirect measure by reacting with glutathione disulfide (GSSG), which is the result of the enzyme-mediated oxidation of two reduced glutathione molecules with H 2 O 2 [141] . For roGFP2-Orp1, a thiolate anion on Orp1 is oxidized by H 2 O 2 forming a SOH which then reacts with a neighboring SH on Orp1 forming a disulfide bridge (Fig. 13 ) [141] . Through a disulfide exchange reaction, the two thiols on roGFP2 then become oxidized changing the fluorescence intensity of the probe. Grx1-roGFP2 operates via a similar mechanism except a small increase in GSSG prompts a thiol disulfide exchange reaction with Grx1 generating an S-glutathionylated-Grx1-roGFP2 intermediate (Fig. 13 ) [147] . Through another series of thiol disulfide exchange reactions the glutathionyl moiety is transferred to roGFP2 which then prompts the formation of a disulfide bridge and a change in roGFP2 fluorescence. Both probes have been used for the sensitive quantification of spatiotemporal changes in small amounts of H 2 O 2 and GSSG in the cytosol and mitochondria of mid-gut enterocytes in Drosophila [141] . Based on sensitive time based measurements Albrecht et al. was able to show that cells in vivo harbor natural redox gradients in mitochondria and that these gradients display substantial shifts with age [141] . Although these probes are new and have not been used as extensively collectively these probes show the most promise in terms of detecting spatiotemporal changes in H 2 O 2 in live animals. 
Conclusions and perspectives

